These findings suggest that intestinal allograft supports simultaneously infused donor (syngeneic to organ grafts) marrow stem cell engraftment, differentiation and persistence of chimerism.
INTRODUCTION
Long-lasting microchimerism was found in organ allograft recipients treated with conventional immunosuppression in clinical and experimental studies 1, 2 . The longevity (decades in humans) and multilineage features of persisting donor leukocytes in organ allograft recipients suggest the presence of hematopoietic stem cells in organ allografts and their proliferation/differentiation after transplantation 3, 4 . This finding is consistent with recent numerous reports demonstrating that stem cells are present in multiple adult tissues; however, the identification, behavior, and characterization of the specific stem cells in adult tissues outside of the bone marrow (BM) have not been established 5, 6 .
Apart from microchimerism associating with organ transplantation, the establishment of hematopoietic (macro)chimerism has been long known to associate with stable donor-specific immunological tolerance 7, 8 , and the creation of hematopoietic chimera using donor marrow stem cells has been an attractive approach in the field of organ transplantation to obtain drug-free allograft acceptance [9] [10] [11] . Since this procedure requires the repopulation of hematopoietic stem cell compartment with infused donor marrow cells after host myeloablative conditioning, the engraftment of donor stem cells into host marrow microenvironment is the crucial element in succeeding the strategy. In this regard, marrow microenvironment, recognize as "niches", has important roles by providing proximate relationship of stem cells with stroma cells and extracellular matrix 12, 13 . Previous experiments demonstrated that transplantation of microenvironment together with marrow stem cells permitted stable marrow stem cell engraftment without recipient conditioning regimen; bone fragments under the kidney capsule, vascularized bone grafts as a part of composite hind limb, or vascularized sternum grafts resulted in stable hematopoietic chimerism [14] [15] [16] . The comparable finding in organ transplantation is that the organ
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Considering the significance of relationship between stem cells and microenvironment, we hypothesized that organ allografts would provide syngeneic microenvironment not only for the organ-based donor stem cells, but also to adjunctively infused donor marrow cells. Accordingly, 
MATERIALS AND METHODS

Animals
Green fluorescent protein (GFP)-transgenic and WT Sprague-Dawley (SD) rats, originally generated by Dr. Masaru Okabe (University of Osaka, Osaka, Japan) [18] [19] [20] were obtained from Japan SLC, Inc. (Hamamatsu, Japan). The expression of GFP was under the control of the cytomegalovirus enhancer and the chicken β -actin promoter derived from an expression vector, pCAGGS [18] [19] [20] 
Transplantation procedures
Orthotopic SITx with caval drainage was performed as previously described 21 . The donor small intestine from the ligament of Treitz to the ileocecal valve was isolated on a vascular pedicle consisting of the portal vein and of the superior mesenteric artery in continuity with a segment of aorta. The graft was perfused via the aortic segment with 5 ml chilled lactated Ringer's solution, and the intestinal lumen was irrigated with 20 ml of cold saline solution containing 0.5% neomycin-sulfate (Sigma, St. Louis, MO). The entire recipient intestine, including gut-associated lymphoid tissue (GALT), was removed and end-to-side anastomoses between the graft aorta and the recipient infrarenal aorta, and between the graft portal vein and host vena cava were performed.
Enteric continuity was restored by proximal and distal end-to-end intestinal anastomoses. All recipient animals were given 20 mg/d prophylactic cefamandole nafate for 3 postoperative days.
Bone marrow isolation and infusion
Unfractionated BM cells were obtained by flushing the tibias and femurs. Cells were processed with RPMI 1640, supplemented with 25 mM HEPES, 2mM L-glutamine, 50 µ g/ml gentamicin and 10% fetal bovine serum (all from Life Technologies, Grand Island, NY), and then passed through nylon mesh to separate the remaining connective tissue fragments 22 . Trypan blue 
Real time PCR
Real time PCR for sex determining region of Y-chromosome (SRY) gene was used to determine the concentration of male cells in the sample. Genomic DNA of peripheral blood
For personal use only. on August 16, 2017. by guest www.bloodjournal.org From 9 mononuclear cells (PBMC) and recipient tissues were prepared using QIAamp kit (Qiagen Inc., Chatworth, CA) as described by the manufacturer. PCR reaction mixture was prepared using SYBR green PCR master mix (Perkin Elmer, Foster City, CA) using the primers of AAGTCAAGCGCCCCATGA (sense) and TGAGCCAACTTGTGCCTCTCT (antisense) 26, 27 . The reactions were performed using an ABI7000 Prism Sequence Detection System (Perkin Elmer). The thermal cycler was configured as following: incubation (95°C, 10 min), 40 cycles of denaturation (95°C, 15 sec), and annealing and extension (60°C, 60 sec). The standard curves for the presence of SRY were prepared by mixing male and female DNA in various proportions (100%, 20%, 4%, 0.8%, 0.16%). Each run consisted of standard and a negative control without template.
CFU-C assay
Leukocytes from MLN were isolated by injecting RPMI 1640 into MLN and by filtration through nylon mesh. Lymphocytes in PP were obtained as previously described 28 . Briefly, after the mucosal layer of the intestine was disrupted, PP were excised, cut into small pieces, digested in a water bath for 30 min at 37˚C with RPMI 1640 containing 0.05% collagenase (type B;
Boehringer Mannheim, Mannheim, Germany), 2% FBS, 10 mM HEPES, and 50 µg/ml gentamicin (Life Technologies), and passed through nylon mesh to separate the remaining connective tissue fragments from leukocyte fraction. Isolated cells were washed twice with RPMI 1640 containing 5% FBS and further purified by centrifugation over Ficoll-paque (s.g. 1.077;
Amersham Bioscience AB, Uppsala, Sweden). The interface was collected and washed twice with RPMI 1640 containing 5% FBS. 
Statistical analysis
All data in this study were expressed as mean ± SD. Results of flow cytometry, histopathology and MLR were analyzed by one-way analysis of variance (ANOVA) and Fisher's PLSD test. A P-value of <0.05 was considered to be significant.
RESULTS
Development of macrochimerism with simultaneous BM and intestine transplantation
LEW recipients received the intestine, BM or intestine plus BM from fully allogeneic BN donors under short-course TAC immunosuppression, and the percentages of donor cells in the peripheral blood were sequentially studied by flow cytometry. In recipients of SITx alone, donor cells during the first week after SITx were a mean of 9.9%. However, they gradually decreased and disappeared by 120d. After BM infusion alone, donor cells slowly increased and reached 5.0 ± 1.3% during the second month. Thereafter, chimerism was not maintained, and donor cells disappeared by d90. In contrast, when BM was infused together with SITx, higher levels of donor
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Numbers of donor cells in recipient spleen at 150d correlated well with peripheral blood chimerism levels. No donor cells were found in the recipient spleen after BM or SITx alone, while multilineage donor cells (2-8%) were found in the spleen of simultaneous BM plus SITx recipients.
Multilineage feature of macrochimerism at 150d suggests the engraftment of donor stem cells in recipients of BM plus SITx. Interestingly, B cells were a predominant population among donor cells (Fig. 1b, 1c) . Immunohistochemistry of the spleen confirmed abundant OX27
+ donor B cells in the splenic B cell follicles of simultaneous BM plus SITx recipients (Fig. 1d) .
Intestinal allografts are chronic rejection-free and maintain donor leukocytes when BM and intestine are simultaneously transplanted
Histopathological analysis of allografts at 150d revealed the development of CR, including the depletion of lymphoid components and fibrotic changes of GALT, presence of arteritis, when the intestine was transplanted alone (Table 1 ). In accordance with our previous studies 23, 24 , these changes were completely prevented in intestinal allografts with simultaneous BM infusion. The numbers of PP and lymphoid nodules in intestinal grafts of SITx plus BM recipients were similar to those seen in normal intestine, and there was no fibrosis or arteritis in graft MLN with simultaneous BM infusion.
To investigate levels of chimerism in intestinal allografts, single cell suspension was prepared from graft MLN. Because of the severe fibrosis of graft MLN in SITx alone group, the numbers of lymphocytes recovered from graft MLN were not sufficient for flow cytometric
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Origin of macrochimerism after simultaneous intestine and BM transplantation
After we observed that infusion of allogeneic BM with SITx in non-cytoablated recipients resulted in persistent macrochimerism, we next determined whether chimeric donor cells in these recipients were derived from the intestine or BM graft, using sex-mismatched transplantation. In these experiments, female LEW recipients received either male BN intestine plus female BN BM or female BN intestine plus male BN BM. Using flow cytometry, female LEW recipients of sex-mismatched BN intestine and BM grafts were confirmed to have the similar levels of macrochimerism at 150d as seen in male recipients. Levels of chimerism derived from male grafts were determined using quantitative real time PCR for SRY. When male intestine and female BM were transplanted, male DNA was detected early after transplantation and disappeared by 90 days, while flow cytometry detected 3.9 ± 2.0% donor cells at 150d (Fig. 2a) . On the contrary, after transplantation of male BM and female intestine, male DNA concentration gradually increased and became nearly equal to the level of chimerism detected with flow cytometry by 150d. These results indicate that the majority of chimeric donor cells found early after simultaneous intestine and BM transplantation were from intestinal allografts. In contrast, BM-derived donor cells gradually increased with time, and donor chimeric cells in the blood at 150d were largely from the infused BM (Fig. 2a, 2b) .
BM-derived cells distribute into intestinal grafts as well as recipient lymphoid tissues
Distribution of BM-derived BN donor cells in various LEW recipient tissues at 150d after
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BM-derived male signals were mainly found in graft (female) GALT including PP and MLN.
Host spleen also had male signals. On the other hand, very few male signals were detected in host non-lymphoid organs, such as the liver, heart and tongue. BM contained mostly progenitors with small numbers of mature cells, and recipient BM showed <1% donor BM-derived male signals at 150d (Fig. 2c) .
Depletion of intestinal graft passenger leukocyte does not prevent macrochimerism development
To investigate whether GALT leukocytes in intestinal grafts play roles in developing macrochimerism after SITx plus marrow infusion, we next examined sequential changes of blood chimerism after BM infusion and SITx when intestinal leukocytes were eliminated by donor ALS pretreatment or ex vivo graft irradiation 23, 24 . Early chimerism was significantly reduced after transplantation of leukocyte-eliminated intestinal grafts alone (0.15 ± 0.01% with ex vivo graft irradiation and 2.75 ± 0.85% with ALS donor pretreatment), compared to those of non-depleted intestinal grafts (9.94 ± 0.99%). In all recipients without BM infusion, donor cells quickly disappeared (Fig. 3a) . When BM was infused together with leukocyte-depleted intestine grafts, early chimerism levels were low; however, donor cells gradually increased, and macrochimerism was maintained with 1.4-11.5% at 150d (Fig. 3b) . Histopathologically, leukocyte-depleted intestinal grafts also were chronic rejection-free when BM was simultaneously infused (Table 1) .
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GFP BM cells induce macrochimerism when syngeneic intestinal graft was simultaneously transplanted
To further confirm the engraftment of BM-derived stem cells and to determine the site of engraftment, we next employed BM plus SITx experiments using GFP transgenic rats. GFP BM was infused into fully allogeneic ACI rats with or without WT intestinal grafts under brief tacrolimus immunosuppression. Sequential flow cytometric analysis of GFP + cells in host blood samples confirmed the finding in BN to LEW combination model that GFP + infused BM-derived cells gradually increased in recipients and maintained levels >5% for >120d when BM was infused simultaneously with SITx. After GFP BM infusion or GFP SITx alone, GFP + cells were only temporarily seen in the blood and stable macrochimerism was not established (Fig. 4) .
Further, stable long-term macrochimerism was achieved only when BM cells and simultaneously transplanted intestinal grafts were syngeneic, since GFP BM infusion together with third party intestine (BN) did not maintain stable macrochimerism. The result suggested that syngeneic intestinal graft supported the engraftment of simultaneously infused marrow stem cells and the development of macrochimerism (Fig. 4) .
Infused BM-derived GFP + cells repopulate intestinal grafts and host secondary lymphoid organs
In animals with stable blood macrochimerism at 120d after GFP BM plus WT SITx, GFP + cells were detected by flow cytometry at the similar levels (~5%) in graft GALT (e.g. MLN,
PPs) of WT intestinal graft, as well as host spleen and LN (Fig. 5a) 
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the graft lymphoid organs. Few GFP + BM-derived cells were seen in the recipient liver, heart or BM, probably due to less frequency of mature leukocytes in these tissues (Fig. 5b, 5c ).
Infused marrow-derived stem cells engraft into simultaneously transplanted intestinal grafts which are syngeneic to stem cells
Based on the findings that infused BM-derived multilineage macrochimerism was maintained for >150d when the intestinal graft (syngeneic to marrow cells) was simultaneously transplanted, we hypothesized that marrow-derived donor hematopoietic stem cells engrafted into the syngeneic microenvironment provided by intestinal grafts for differentiation. To investigate this possibility, we conducted in vitro and in vivo assays to detect infused marrow-derived hematopoietic stem cells in intestinal grafts. At 120d after GFP BM and WT intestinal grafts were transplanted into ACI rat recipients under brief TAC immunosuppression, leukocytes were obtained from GALT of WT graft intestine as well as host BM. When BM cells taken from ACI recipients were cultured in methylcellulose-based culture system for CFU-C assay, ~150 colonies/1.5x10 5 cells were developed. However, there were very few GFP + colonies (1.1 ± 0.32/1.5 x 10 5 cells), and most of the colonies were GFP negative. In contrast, when isolated cells from PP and MLN of WT grafts were cultured for CFU-C assay, the majority of developed colonies were GFP-positive (> 90%) with frequencies of 6.5 ± 4.1 and 0.9 ± 0.1 per 1.5 x 10 5 cells, respectively. Although total CFU-C counts of GALT leukocytes were low compared to those of BM cells, GALT of transplanted intestine tended to have more CFU-C than naïve WT intestine (Fig. 6) . Nevertheless, the frequency of GFP + colonies remained in a similar low level in both host bone marrow and graft GALT. In vitro propagated colonies were mostly composed of ED2 + macrophages, and negative stain with mAb R7.3 (αβTCR) excluded the possibility that the (Fig. 7) .
DISCUSSION
The current study demonstrated sustained macrochimerism for >150 days in non-cytoablated but conventionally immunosuppressed rat recipients of simultaneous BM and intestine transplantation. Macrochimerism was only seen when both marrow and intestine were Lethally irradiated WT rats were adoptively transferred with cells isolated from GALT of WT 
